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ABSTRACT 
In this work, the critical parameters for the shear thickening fluid flow past a channel confined 
circular cylinder have been investigated numerically. The flow governing equations have been 
solved by using the finite volume based open source solver (OpenFOAM). In particular, critical 
parameters (i.e., Reynolds number) has been investigated for flow separation and transition from 
steady to unsteady wake formation for shear-thickening (1≤ n ≤ 1.8) fluids and for two values of 
wall blockage ratio (2 and 4). Global parameters such as drag coefficient and Strouhal number 
have also been analyzed at the critical Reynolds numbers. Detailed flow kinematics has been 
shown through streamline contours. It has been observed that flow separation as well as 
transition from symmetric to asymmetric wake delays for a given blockage ratio when fluid 
behavior changes from Newtonian to shear thickening. The drag coefficient also increases with 
decrease in Reynolds number for a given blockage ratio. 
1. INTRODUCTION  
Flow past a cylinders of circular and non-circular cross-section is a dynamic area for research 
because of the fundamental and practical applications, e.g. see Clift et al. (1978); Williamson, 
(1996); Zdravkovich (1997, 2003); Chhabra et al. (2004); Sahin and Owens (2004); Sivakumar 
et al. (2006); Bharti el al. (2007), etc. A reliable source of knowledge is required in order to 
understand the hydrodynamic forces acting on the cylinder causing changes in the flow pattern 
around it. These phenomena can be observed in various industries like chemical and polymer 
where heat exchangers are used. Further, sensors and probes are used to measure the flow rate 
and other parameter in the flowing fluid. It also has enormous applications in aerodynamics. 
These wide ranging applications encounter with fluid of Newtonian (Chen et al., 1995; Zovatto 
et al., 2001; Sahin el at., 2004) or non-Newtonian types. For example, non-Newtonian fluids can 
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be experienced as polymer solution, lubricant, etc. in industry which require an extensive 
knowledge in order to handle these fluids. One of the latest use of non-Newtonian (Shear 
thickening) fluid can be seen in army where it can be used as body armor or bulletproof jacket. 
While significant amount of literature is available on flow of non-Newtonian fluids (D’Alessio 
and Pascal, 1996; Sivakumar et al., 2006; Bharti et al., 2007; Bijjam et al., 2012), transitional 
insights of channel confined circular cylinder for such flow are still unknown. Therefore, this 
work aims to investigate the critical parameters (in particular, critical Reynolds numbers) for 
transitions between creeping to separating flows and between separating flow to transient flows.  
Onset of vortex shedding and effect of Reynolds and Prandtl numbers for confined flow over semi-
circular cylinder has been studied. For blockage ratio of 0.25, the onset of vortex shedding takes place in 
between Reynolds number of 69 to 70 for Newtonian fluid (Kumar et al., 2016). Further, 2D numerical 
simulation has been carried out by Rashidi et al. (2015) for an unsteady magneto-hydrodynamics (MHD) 
for flow inside a channel in which a square cylinder has been placed. Simulations have been performed 
for the ranges of Reynolds and Strouhal numbers of 1–250 and 0–10, respectively. Finite volume method 
(FVM) has been used to solve the momentum equations. The effects of stream-wise magnetic field on 
vertex shredding ae well as flow separation have been studied.  
2. BACKGROUND  
Flow over an unconfined circular cylinder has continuously been explored for over the decades e.g., see 
Townsend (1980); D’Alessio and Pascal (1996); Zdarvkovich (1997, 2003); Chhabra et al. (2004); Bharti 
et al., (2006); Sivakumar et al. (2006). The flow of a viscoelastic fluid based on an implicit four constant 
Oldroyd model has been investigated by Townsend (1980). An infinite domain with moving cylinder 
placed between the walls was taken in consideration. For Newtonian fluid at Reynolds number 40, the 
drag value was computed as 1.2. It was also noticed that the small rotational speed has great significance 
in case of Newtonian fluid, both drag and lift coefficients increase with increase in rotational speed. 
Whereas an opposite behavior was seen in case of shear-thinning fluid, the drag tends to decrease with 
increase in rotational speed. D’Alessio and Pascal (1995) investigated power-law fluid flow 
characteristics by using the finite difference method to solve the governing equations in terms of stream 
function and vorticity. They computed the flow characteristics of non-Newtonian fluids like drag 
coefficient, flow separation angle, wake length and critical Reynolds number, etc. Their results suggest 
that the flow separation for power-law index n = 1.2 occurs just above Reynolds number of 5 whereas for 
Newtonian it occurs just above Reynolds number of 6. Chhabra et al. (2004) studied the flow past a 
cylinder by considering power-law index (n) in the range from 0.2 to 1.4, which is same as D’Alessio and 
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Pascal (1995). Second-order accurate finite difference method was used for solving the governing 
equations based on stream function and vorticity formulation. Sivakumar et al. (2006) studied the critical 
parameters for Newtonian as well as non-Newtonian power-law fluids in an unconfined flow over a 
circular cylinder. This study was focused on find the ranges of Reynolds number for the onset of wake 
formation and also for the transition from steady wake to unsteady wake formation. The range for power-
law index (n) which was taken into consideration from 0.3 to 1.8. The parameters such as drag and Lift 
coefficients and Strouhal number were also calculated at the critical values of Reynolds number. It was 
noticed that the in case of shear-thinning fluid, with increase in n, the transition from steady wake to 
unsteady wake delays (critical value of Reynolds number shifts to a higher value), whereas in case of 
shear-thickening fluid, with increase in n, the transitions prepones. The changes in the flow regimes for 
unconfined cylinder motivate to understand these behaviours in case of channel confined cylinders. 
Fluid flow across a channel confined cylinder has also been investigated by various researchers over the 
decades, e.g., see Chen et al. (1995); Zovatto et al. (2001); Sahin and Owens (2004); Rehimi et al. (2008); 
Bijjam and Dhiman (2012); Rajni et al. (2013), etc. For instance, Zovatto et al. (2001) studied the flow 
over a cylinder in a confined channel of Newtonian fluid by using the finite element method. Transition 
from symmetric wake to asymmetric wake has been studied. It was observed that with increase in 
confinement of the flow the transition (from symmetric wake to periodic vortex shedding) gets delayed. 
Flow vorticity contours was also reported for steady state regime and observed that when the cylinder was 
placed in the middle of the two walls, wake was symmetric but as the cylinder shifted towards one of the 
walls a significant reduction was observed in wake vorticity. Sahin and Owens (2004) analyzed the wall 
effects for a range of blockage ratio (0.1≤β≤0.9) in the two-dimensional flow past a circular cylinder. 
Finite volume method was used to solve the flow governing equations. Critical Reynolds number and 
Strouhal number was calculated for different blockage ratios. The critical Reynolds number was 
calculated as 125.23 for blockage ratio of 0.5. A monotonic increase in critical Reynolds number as well 
as Strouhal number was observed with increase in blockage ratio. Rehimi et al. (2008) is one of the few 
who has done an experimental work in order to investigate the confined flow downstream of circular 
cylinder placed between parallel walls by using two-dimensional PIV measurements for the blockage 
ratio of 3 and the Reynolds number in the range of 30 to 277. They compared their experimental results 
with the theoretical solution of Lundgren et al. (1964). 4th order Range-Kutta method has been used to 
calculate pathlines and bilinear interpolation was used to find particle velocity. The first instability 
appeared at critical Reynolds number Re=108 was in good match with the simulation results (Re=97.5 
and Re=101) obtained by Carle et al. (1995) and Sahin and Owens (2004), respectively. They found that 
the size of recirculation region was greater in size as compared to the unconfined flow configuration. The 
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effect can be argued on the basis that the wall effects stabilize and flatter the mean recirculation region in 
the case of confined flow. Bijjam and Dhiman (2012) studied the 2-D unsteady flow of power-law fluids 
in a confined channel of blockage ratio 0.25 and the Reynolds number was considered in a gap of 25 from 
50 to 150. They had shown that at Re=50 smooth wake were formed for power-law index n in the range 
of 0.4 to 1.8 and the size of symmetric vortices decreases with increasing value of n. At Re=75, flow was 
unsteady for 0.4≤n≤1.2 and steady for 1.2<n≤1.8. It is due to higher damping nature of effective viscosity 
of shear-thickening fluid. Similarly, for Re=100 flow was unsteady for 0.4≤n≤1.4 and steady for 
1.4<n≤1.8. Rajani et al. (2013), through their comparison between parabolic and uniform flow inlet 
profiles, observed that the pair of symmetric vortices were compressed and the wake length was shorter 
for parabolic velocity profile when compared with uniform flow profile for blockage ratio of 2. This 
difference between the wake lengths tends to vanish for the blockage ratio greater than 10.  
The in-depth analysis of existing literature on flow over a channel confined circular cylinder suggests that 
the critical parameter for such flow situations is completely unknown. The corresponding features for 
unconfined cylinder, however, have been established in the literature. The present work therefore aims to 
strengthen the existing literature through numerical investigation of critical parameters at the onset of 
wake formation and at the onset of wake instability for the flow of non-Newtonian shear-thickening 
power-law fluids over a confined circular cylinder by varying the Reynolds number for two values of wall 
blockage ratio.  
3. PROBLEM STATEMENT AND GOVERNING EQUATIONS  
Consider a two-dimensional (2-D) fully developed, incompressible flow of non-Newtonian power law 
fluid over a circular cylinder confined between two parallel plane walls separated by distance H (Figure 
1). A cylinder (diameter D) is placed in the middle (H/2) of the parallel walls. The fully developed flow is 
approaching a cylinder at upstream length (Lu) and the outlet (or exit) boundary is located at downstream 
length (Ld) from the center of a cylinder. The total length and height of computational domain are L (= Lu 
+ Ld) and H, respectively. 
Based on the above approximations, the governing equations, namely, continuity and momentum 
equations, can be written as follow. 
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where ρ, u, f and σ denote for the fluid density, velocity, the body force and the stress tensor, 
respectively. The stress tensor (σ) which is the summation of the isotropic pressure (p) and 
deviotoric stress tensor is given by 
  Ip                  (3) 
The rheological equation of state for incompressible fluids is given by 
)(2 u                                 (4) 
where ε(u), the components of the rate of strain tensor, are given by 
   2)( Tuuu                    (5) 
For a power-law fluid, the viscosity (η) is given by 
2/)1(
2
2






nIm                             (6) 
where m and n being the power-law consistency index and the flow behaviour index of the fluid 
(n < 1, =1, > 1 correspond to a shear-thinning, a Newtonian and a shear-thickening fluid). I2, the 
second invariant of the rate of strain tensor (ε), for two-dimensional flow is given by 
 22222 2 yyyxxyxxI                             (7) 
The components of the rate of strain tensor are related to the velocity components in Cartesian 
coordinates as follows: 
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The flow problem under consideration is subjected to the following boundary conditions. The 
flow is assumed to be fully developed at the inlet (x=0), i.e., left boundary. Mathematically, the 
following conditions are applied at the inlet: 
 0          and      ),(  ypx unyuu            (9) 
where, the fully developed velocity profile for the laminar flow of power-law fluids flow in a 
channel (of height H) is given as 
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The maximum velocity (umax) is related to the area-averaged velocity (uavg) as follow 
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 The standard no-slip condition has been applied at the lower (y =0) and upper (y = H) channel 
walls, and on the surface of the cylinder, i.e., 
0          and      0  yx uu                     (12) 
The Neumann condition has been imposed on the exist (x=L) boundary as follow  
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The computations were performed in the full computational domain shown in Figure 4. The 
numerical solutions of the above mentioned governing equations in conjunction with boundary 
conditions results in the velocity (u) and pressure (p) fields.  
At this point, it is important to introduce some definitions used in this work.  
(a) Reynolds number (Re) for power-law fluids is defined as follow: 
 
m
uD navg
n 

2
Re

                         (14) 
where ρ is fluid density, D is the diameter of circular cylinder, uavg is the average velocity, n is 
flow behavior index and m is flow consistency index.  
(b) Critical Reynolds numbers (Rec and Rec) The Reynolds number at which flow separation 
(wake formation) starts can be given as the lower critical Reynolds numbers (Rec). The upper 
critical Reynolds number (Rec) can be defined the Reynolds number at which the flow 
experiences a transition from the 2-D steady symmetric flow to asymmetric flow. 
(c) Total drag coefficient (CD) can be defined as the sum of the frictional and pressure drag 
coefficients (Sivakumar et al., 2006) 
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where FD is the total drag force per unit length of cylinder. The FDP and FDF are the pressure and 
frictional components of the total drag force.  
(d) Lift coefficient (CL) can similarly be defined as follow 
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where FL is the total lift force per unit length of cylinder. The FDP and FDF are the pressure and 
frictional components of the total lift force.  
(e) Strouhal number (St), the dimensionless frequency of vortex shedding, is defined as 
avgu
fDSt                  (19) 
 
Here, f is the frequency of vortex shedding. Critical Strouhal number is defined as the Strouhal 
number at critical Reynolds number. For steady flow regime, the values of both lift coefficient 
and the Strouhal number shall be zero or tending to zero. 
 
3. NUMERICAL PROCEDURE 
In this work, the flow field equations in conjunction with realistic boundary conditions have been 
solved using the finite volume based open-source solver OpenFOAM (v 2.3.0). The solver Non-
Newtonian Icofoam (transient solver for incompressible, laminar flow of non-Newtonian fluids) 
has been used to account the rheological model behavior. GAMG (generalized geometric-
algebraic multi-grid solver) is used to solve the algebraic equations. smoothSolver (solver using 
a smoother for both symmetric and asymmetric matrices) is used to obtain the velocity field. 
PISO (pressure-implicit split-operator) is utilized for coupling of pressure-velocity and non-
Newtonian power-law model for viscosity. The suitable unstructured grid has been generated 
using commercial grid generation tool, GAMBIT (v 2.4.6). A relative tolerance of 10-6 has been 
used in computations of velocity and pressure fields.  
 
4. CHOICE OF NUMERICAL PARAMETERS 
The complex fluid flow problems have a major concern about the reliability and accuracy of 
numerical results, as their hydrodynamic is strongly sensitive to relatively small changes of flow 
governing and influencing parameters.  Therefore, a suitable choice of numerical parameters is 
important to obtain the numerical results free from numerical artifacts, end effects, etc. The 
problem under consideration have the two flow governing parameters (wall blockage, Reynolds 
number and power-law index) and two flow influencing parameters (upstream and downstream 
 8 
lengths of channel, both measure from the center of the cylinder; and grid points distribution).  
The correct choice of influence parameters has been obtained by performing the (a) domain and 
grid independence tests over the range of flow governing parameters, in order to ensure that new 
results presented thereafter are free from these effects. 
4.1. Domain Independence Test 
First, the downstream length (Ld/D) independence test has been performed for 20, 40, 60 and 80 
by keeping the upstream length (Lu/D) fixed. The distribution of grid points is also fixed for all 
cases. The grid is uniform distributed with spacing of 0.01D at the boundaries. Tables 1 and 2 
compare the results obtained at different Ld/D for extreme values of power-law index (n = 1 and 
1.8), blockage ratio (4 and 1.1) and fixed Reynolds number (Re=40). It has been observed that 
the relative deviations are less than 0.01%, so it is safe to select the downstream length as 
Ld/D=40 for the further computations. 
4.2. Effect of Upstream length 
The upstream length domain test was carried out by keeping downstream length as Ld=40D and 
varying the upstream length (Lu/D) as 10, 15 and 20 respectively. The influence of upstream 
length on drag coefficient has been reported in the tables 2 and 3. These all domain test has been 
done by taking a uniform grid having grid spacing of 0.01 for blockage ratio 4 and 1.1 at 
Reynolds number 40. Drag values were observed and the relative deviation was seen to be less 
than 0.1%. Hence the upstream length was fixed as 15D.  
After completing the domain length let upstream length has been fixed as 15D and downstream 
length has been fixed as 40D. This specification will be used in section of grid independence test. 
4.3. Effect of Grid size 
The grid independence test has been performed by taking five unstructured grids (G1, G2, G3, 
G4 and G5) with different spacing at the edges and various number of points over the cylinder. 
The grid specifications are noted in table 4. The case which has been considered here is Re=40 
and β=4 for two extreme power law index (n=1 & 1.8). Table 4 and 5 gives us the relative 
changes less than 1% for n=1 but for n=1.8 which is within the acceptable rage of variation. 
Grids G1, G2 and G3 showed 4-7% error from the literature value which reduced to 1% on Grid 
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G4a which can be observed from table 4. So it is adequate to choose grid G4a for the final 
computations. 
5. Results and Discussion 
In this work, two-dimensional simulations have been performed using OpenFOAM for the 
blockage ratio of 4 and 2 over the wide range of power-law index (n). Prior to the presentation of 
new results, the present numerics has been validated with the existing literature for its efficacy 
and reliability.  
5.1. Validation of Results 
For initial validation purpose, simulation for the unconfined steady flow across a circular 
cylinder has been performed. It has been noticed that the present numerical results are in good 
match with the literature (see Table 6) for the two values of Reynolds number (Re=20 and 40). 
Further, the drag coefficient values for steady confined (blockage of 4) flow regime have been 
compared with the literature in Table 7 at Reynolds number of 1 and 40 and power law index of 
1, 1.2 and 1.8. Reynolds number 1 was considered because it is the lowest value of Reynolds 
number at which the occurrence of deviation has high probability. The present results are seen to 
be closely overlapping with the literature values, maximum deviations being 0.07%, 0.2% and 
0.7% at n=1, 1.2 and 1.8, respectively. Based on our experience, such a small deviation is prone 
in numerical studies due to inherent characteristics of numerical techniques and methodologies 
used in different work. The numerical results, therefore, presented hereafter can be considered to 
be accurate within 1-2%.  
 
5.2. Dependence of flow separation on power law index (n) 
The effect of power law index (n) on flow separation is given in terms of critical Reynolds no. 
(Rec) has been recorded and which can be seen from table 8.  These values are connected to the 
flow separation (or onset of wake formation), hence these values can be marked as the lowest 
point for the two dimensional symmetric wake flow regime. It can be observed from table 8 that 
as the power law index increases the critical Reynolds number also increases also as the 
confinement increases (or blockage ratio decreases) the flow separation delays . The reason 
behind the delayed flow separation is that the local acceleration generated because of wall 
confinement (blockage) is very likely stabilizes the flow and causes the delay in flow separation. 
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When we compared this result with unconfined flow we found that for unconfined flow there is 
no creeping flow for higher value of power law index(n>1.8) in shear-thickening fluids 
(Sivakumar et al., 2006; Tanner, 1993), but for confined flow the critical Reynolds number (Rec) 
increases with increase of power law index. Critical Reynolds number for unconfined flow of 
shear thickening fluid for n=1.2 was given as Rec=5 whereas for confined flow (β=4) of fluid at 
n=1.2 the critical value lies between 8< Rec<9.Also for n=1, we found it lies between7<Rec<8. 
Here it can be seen that critical Reynolds number increases with increase in power law index the 
reason could be as n increases viscous forces increases and boundary layer gets thicken up which 
results in delay of flow separation (or formation of wake). In brief the critical Reynolds number 
shows a monotonic increase with increase in power law index for shear thickening fluid and the 
flow separation delays also the symmetric wake starts from Rec. 
 
 
From figure 2 it can be seen that for blockage ratio 2 with increase in power law index the value 
of critical Reynolds number (Rec) also increase, which means with increase in blockage ratio 
with same conditions the flow separation tends to delay, also the curve shows a steep behavior as 
compare to blockage ratio 4. For blockage ratio 4 also the critical Reynolds number increases 
with increase in power law index, but the curve is not very steep. The results have also been 
compared with unconfined flow pattern and found that it has the opposite trend as compare to 
confined flow which means as power law index increase it accelerates the wake formation. This 
is because of the boundary layer effect since the boundaries are very far away in case of 
unconfined flow it does not interferes with the wake boundaries. Hence the flow separation 
prepones. 
Figures 3 and 4 have listed all the transition from no flow separation to flow separation with the 
help of streamline plots. These figures are the magnified view of the geometry to capture the 
wake formation very precisely.  Streamline plot has been done for blockage ratio 2 and 4 in 
figure 3 and 4 respectively. It can be inferred from the figures that for blockage ratio 2 at power 
law index 1.2 the critical Reynolds number lies between 15<Rec<16 whereas it lies between 
7.5<Rec<8 for blockage ratio of 4. Also for power law index of 1.8, the critical Reynolds number 
lies in the range of 30<Rec<31 for blockage ratio 2, but for blockage ratio 4 it lies between the 
range of 9<Rec<9.5.  
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5.3. Dependence of onset of wake instability on power law index (n) 
The onset of wake instability has been investigated in terms of critical Reynolds number (Rec). 
This work has been done by making the flow steady by having either lift coefficient 0 or close to 
zero (less than 10-4). Figure 5 show the streamline profile for blockage ratio 4 at different values 
of power law index 1, 1.2, 1.4, 1.6 and 1.8. The transition region has been listed for blockage 
ratio 2 and 4 and compared with unconfined flow in table 9. The results which were obtained for 
confined flow (β=4) and n=1 the critical value lies between 70< Rec<70.5 which can be clearly 
observed from figure 11 (a) and (b) in which flow is symmetric (symmetric wake) at Reynolds 
number 70 which becomes unsteady (asymmetric wake) at 70.5. Critical Reynolds number (Rec), 
shows the transition from steady symmetric wake to unsteady wake formation which is the onset 
of wake instability. For shear thickening fluid a monotonic increase in critical Reynolds number 
has been observed. This has an opposite behavior as compare to unconfined flow. The 
conceivable explanation for this is the presence of walls which generates the boundary layer in 
case of confined flow causes the delay of instability of symmetric wake. The stability of system 
increases at a particular Reynolds number with increase in power law index. It has also been 
observed that the difference in critical Reynolds number for blockage ratio 2 for power law index 
1, 1.2, 1.4, 1.6 and 1.8 is larger as compare to blockage ratio 4. For blockage ratio 2 the critical 
Reynolds number lies at a gap of approximately 100 for each power law index whereas for 
blockage ratio 4 it lies at a gap of 20-40 approximately. So these patterns suggest that the wall 
effects are higher in case of blockage ratio 2 as compare to blockage ratio 4. As the wall 
confinement increases (blockage ratio decreases) the critical Reynolds number also increases.  
Figure 6 shows the dependency of critical Reynolds number of blockage ratio 2 and 4 on power 
law index. It can be observed that with increase in power law index critical Reynolds number 
also increases for a given blockage ratio. It can be seen from figure 7 that for a given blockage 
ratio as power law index increases critical Strouhal number decreases. It suggests that with 
increase in power law index the flow stability against vibration increases. Also figure 8, graph 
has been plotted for critical drag coefficient against power law index. It suggests that with 
increase in power law index critical drag coefficient increases for a given blockage ratio, which 
has the opposite trend as compare to the unconfined flow. 
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6. Conclusion  
For a fixed value of blockage ratio as fluid becomes more shear thickening (power law index 
increases) the flow separation tends to move forward over Reynolds number, also as Reynolds 
number increases the wake size grows. But for unconfined flow as we increase the power law 
index (n>1) the flow separation gets preponed. Furthermore observation shows that at a given 
value of blockage ratio and Reynolds number as we increase power law index the wake length 
decreases this is because for confined flow the damping nature of shear thickening fluid with 
effective viscosity increases with increase in value of power law index and it decreases as the 
Reynolds number increases. For confined flow (blockage ratio 2 and 4) till now we have got 
result for n=1, 1.2, 1.4, 1.6 and 1.8, we have found that the critical Reynolds no (Rec) increases 
with increase of power law index but for unconfined flow critical Reynolds no (Rec) decreases as 
power law index increases. Regarding critical Reynolds number (Rec). For confined flow critical 
Reynolds number (Rec) increases with increase in value of power law index (n) but opposite 
trend has been noticed in case of unconfined flow. Strouhal number decreases with increase in 
power law index for shear thickening fluid at a fixed blockage ratio. The frequency of vortex 
shedding increases with increasing blockage ratio, for a given power law index (n>1). Also drag 
coefficient increase with increase in power law index for a given blockage ratio. So overall an 
observation has made that with increase in shear thickening behavior the stability of the wake 
also increases for a given blockage ratio. Also with increase in blockage ratio the critical 
Reynolds number postpones for a given power law index (shear thickening fluid) which means it 
stabilizes the system.  
 
 
Nomenclature D Diameter of the cylinder R Radius of the cylinder LD Downstream length  g Gravitational acceleration  CD                                                 drag coefficient, dimensionless 
CL lift coefficient, dimensionless 
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K Flow consistency index Pa.sn n Power-law flow behavior index 
FD drag force per unit length of the cylinder, N/m 
FL lift force per unit length of the cylinder, N/m 
I2 second invariant of  rate of the strain tensor, s−2 
Rec, Rec critical Reynolds numbers, dimensionless Re Reynolds number 
Stc Critical Strouhal number, dimensionless 
St  Strouhal number, dimensionless, f frequency of the vortex shedding, s−1 L Distance between the two outer boundaries, m Uavg Average velocity Ux, Uy x- and y-components of the velocity p Pressure, N/m2 t Time, sec 
Greek Symbols 
β Blockage ratio, dimensionless  µ Viscosity, Pa.s 
τ Pa 
ρ Density of fluid, kg/m3 
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Table 1: Downstream length (Ld/D) independence test at Re=40 by keeping fixed upstream 
length (Lu/D=10).  being the relative deviation between the two consecutive values. 
=4, n=1 =4, n=1.8 =1.1, n=1.8 Ld/D 
CD  (%) CL CD  (%) CL CD  (%) 
20 1.706567 -- -1.64E-04 2.582733 -- -0.00058 43378.69 -- 
40 1.706576 -0.000527 -2.72E-04 2.582745 0.000472 -0.00096 43378.90 0.000484 
60 1.706573 0.0001758 -3.80E-04 2.582736 -0.00034 -9.63E-04 43378.79 -0.00025 
80 1.706565 0.0004688 -4.89E-04 2.582725 -0.00042 -9.63E-04 43378.69 -0.00023 
 
 
 
Table 2: Upstream length (Lu/D) independence test at Re=40 by keeping fixed downstream 
length (Ld/D=40).  being the relative deviation between the two consecutive values. 
=4, n=1 =4, n=1.8 =1.1, n=1.8 Lu/D 
CD  (%) CL CD  (%) CL CD  (%) 
10 1.706576 -- -2.72E-04 2.582745 -- -0.000962 43378.90 -- 
15 1.706582 0.000352 -3.05E-04 2.599991 0.663310 -0.000966 43377.03 -0.00431 
20 1.706595 0.000761 -3.33E-04 2.6085 0.326203 -9.74E-04 43376.55 -0.00111 
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Table 4: Grid test for blockage ratio 4 at Re 40  
Grid Specification n=1 n=1.8 
Grid Nc Min. 
spacing 
Max. 
spacing 
Drag 
coefficient 
Relative 
deviation (%) 
Lift 
coefficient 
Drag 
coefficient 
Relative 
deviation 
(%) 
Lift 
coefficient 
G1 240 .01667 .01667 1.70649 ……. -2.7E-05 2.5858 ……… -0.0002 
G2 240 .01 .01 1.70658 0.0054 -3.0E-04 2.6 0.5452 -0.0010 
G3 240 .00625 .00625 1.70686 0.0163 -9.0E-05 2.4146 -7.6761 -9.55E-05 
G1a 360 .01667 .01667 1.71123 ……. -5.1E-04 2.5695 …….. -8.35E-04 
G2a 360 .01 .01 1.71102 -0.0103 -7.7E-04 2.5846 7.0367 -0.0017 
G4 360 .01 .01667 1.70569 …….. -7.8E-04 2.4586  -0.0007 
G4a 480 .01 .01667 1.705018 0.0394 1.0E-04 2.4588 0.0101 -0.0005 
G5 480 .00625 .01667 1.705187 0.0099 2.4E-04 …….. ……. ……… 
 
Table 5: Grid test for blockage ratio 1.1 at Re 40 
Grid Specification n=1.8 
Grid Nc Min. 
spacing 
Max. 
spacing 
Drag coefficient Relative 
deviation (%) 
G1 240 .01667 .01667 37177.30 …….. 
G2 240 0.01 0.01 43377.03 14.29266 
G3 240 .00625 .00625 43496.43 0.274505 
G1a 360 .01667 .01667 43172.65 …….. 
G2a 360 .01 .01 43544.74 …….. 
G2b 480 .01 .01 45144.74 3.544156 
G2c 600 .01 .01 45740.47 1.302413 
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Table 6: Comparison of results for Newtonian flow n=1 in steady unconfined flow regime 
Re=40 Re=20 
 Cd Cl Cd Cl 
Present result 1.5365 .0001146 2.0547 .000164 
Dennis and Chang (1970) 1.522 - 2.045 - 
Fornberg (1980) 1.498 - 2.00 - 
Park et al. (1998) 1.51 - 2.01 - 
Niu et al. (2003) 1.574 - 2.111 - 
Chakraborty et al. (2004) 1.5172 - - - 
 
Table 7: Comparison of results for steady confined flow regime (β=4) 
 Reynolds no. 
(Re) 
n=1 n=1.2 n=1.8 
Present work 1.7050 1.8730 2.4588 
Bharti et al (2007) 1.7034 1.8793 2.4765 
Bijjam et al (2012) 
 
40 
1.7039 1.8781 2.477 
Present work 28.566 32.597 51.429 
Bharti et al (2007) 
 
28.536 32.591 51.453 
 
 
Table 8: Comparison between critical Re for confined and unconfined flow 
n Confined (β=2) Confined (β=4) Unconfined* 
1 12<Rec<13 7<Rec<7.5 6<Rec<6.5 
1.2 15<Rec<16 7.5<Rec<8 3.5<Rec<4 
1.4 19<Rec<20 8<Rec<8.5 2.5<Rec<3 
1.6 24<Rec<25 8.5<Rec<9 1.5<Rec<2 
1.8 30<Rec<31 9<Rec<9.5 0.5<Rec<1 
*Sivakumar et al (2006) 
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Table 9: Critical Reynolds number (Rec) for confined and unconfined flow 
n Confined (β=2) Confined (β=4) Unconfined* 
1 84<Rec<85 70<Rec<70.5 46<Rec<47 
1.2 149<Rec<150 88<Rec<89 43<Rec<44 
1.4 219<Rec<220 106<Rec<107 40<Rec<41 
1.6 345<Rec<346 156<Rec<157 36<Rec<37 
1.8 449<Rec<450 179<Rec<180 33<Rec<34 
                                                                 *Sivakumar et al (2006) 
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Figure 1: Schematic diagram of the problem 
 
 
Figure 2: Dependence of critical Reynolds number over the power law index 
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Figure 3:  Streamline plot for blockage ratio 2 at n 1.2, 1.4, 1.6 and 1.8 (for Rec)  
  
c1. n=1.6 Re=24 c2. n=1.6 Re=25 d2. n=1.8 Re=31 d1. n=1.8 Re=30 
b2. n=1.4 Re=20 
c1. n=1.4 Re=8 
e1. n=1.8 Re=9 
d2. n=1.6 Re=9 d1. n=1.6 Re=8.5 c2. n=1.4 Re=8.5 
a1. n=1.2 Re=15 a2. n=1.2 Re=16 b1. n=1.4 Re=19 
e2. n=1.8 Re=9.5 
a1. n=1 Re=7 a2. n=1 Re=7.5 b1. n=1.4 Re=19 b2. n=1.2 Re=8 
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Figure 4: Streamline plot for β=4 at n=1, 1.2, 1.4, 1.6 
and 1.8(for Rec) 
 
                      
 
 
 
c. β=4 n=1.2 Re=88 d. β=4 n=1.2 Re=89 
e. β=4 n=1.4 Re=106 f. β=4 n=1.4 Re=107 
i. β=4 n=1.8 Re=179 j. β=4 n=1.8 Re=180 
g. β=4 n=1.6 Re=156 h. β=4 n=1.6 Re=157 
a. β=4 n=1 Re=70 b. β=4 n=1 Re=70.5 
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Figure 5:  Streamline plot for β=4 at n=1, 1.2, 1.4, 1.6 and 1.8 (for Rec) 
 
 
 
 
 
 
 
 
a. β=2 n=1.2 Re=149 b. β=2 n=1.2 Re=150 
h. β=2 n=1.8 Re=450 g. β=2 n=1.8 Re=449 
f. β=2 n=1.6 Re=346 
d. β=2 n=1.4 Re=220 
e. β=2 n=1.6 Re=345 
c. β=2 n=1.4 Re=219 
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Figure 12:  Streamline plot for β=2 at n=1, 1.2, 1.4, 1.6 and 1.8 (for Rec) 
 
 
Figure 6: Dependency of critical Reynolds number on power law index 
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Figure 7: Dependency of critical Strouhal number on power law index 
 
 
 
Figure 8: Dependency of Drag coefficient on power law index 
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